Background. Modern methods for determining the coordinates of elements of wireless sensor networks allow solving problems with a single determination and errors in determining the mutual distances between elements of a wireless network. In the case of increasing requirements for the accuracy of determining the coordinates of network elements, existing methods do not allow solving the problem.
Introduction
The wireless sensor network (WSN) is a complex technical system: self-organizing, distributed, fail-safe operation of individual sensors (elements) of ultrasmall stand-alone technical devices. All or some elements provide the transfer of information reception among themselves on a large plane. Modern sensory systems use network management and monitoring facilities, the quality of the WSN operation is determined by the modern technologies in which they are applied. WSN can be used in airborne detection systems [1] , navigation systems for high-precision determination of their coordinates and control of unmanned aerial vehicles [2] . For operation, such systems require the determination of the coordinates of the elements and their errors with high accuracy.
The purpose of developing a new method is to improve the accuracy and stability of the estimation of the coordinates of individual sensors (elements) in wireless sensor networks with multiple measurements of distances between elements. The accuracy of the estimation of the coordinates of the elements significantly affects the characteristics of the WSN, for example, when using the WSN elements as pseudosatellites (translators) to ensure the landing of aircraft at airports.
Currently, the basic exchange protocol for WSM is IEEE 802.15.4 (ZigBee), which provides the ability to measure the distance between network elements by the power level of the received signal [3] . The accuracy of estimating the coordinates of the elements depends on many factors, the main of which are determined by the propagation conditions and the power level of the received radio signals, that is, depends on errors in measuring the distances between the elements. Existing methods for estimating the coordinates of elements do not allow obtaining the required accuracy and stability of estimates, for example, for navigation systems. The aim of the work is to describe a new method for increasing the accuracy of estimating the coordinates of the WSN elements by repeatedly measuring distances between network elements.
Formulation of the problem
The mathematical statement of the problem of estimating the coordinates of the WSM elements looks as follows. In the space region, random elements of the WSN are distributed uniformly. Each i-th WSM element (i = 1, M ����� ) is connected with neighboring elements and can determine distances d �� up to them. Errors in measuring the distance � �� are also known.
On the basis of these data, it is necessary to determine the estimates of the coordinates X � and the correlation error matrix for estimating the coordinates of the elements K � and further refine their value after the next stage of measuring the distances between neighboring elements. The need for constant refinement of the coordinates of the WSN is conditioned by the requirements for obtaining highly accurate estimates of the coordinates of the elements (in modern navigation systems up to several centimeters). Errors in measuring the distances between elements are determined by many factors and depend on the seasonal, temporal instability of the Earth's gravitational field, on the propagation conditions of radio waves. And taking into account the limited computing resources of the WSN elements, the small capacity of the autonomous power supplies of the elements, the coordinate estimates should be determined using a recurrent, stable estimation algorithm, which is proposed as a regularized adaptive Kalman filter.
Determining the coordinates of the WSN elements
Consider an WSN consisting of M elements and deployed on a flat surface of the Earth. The local rectangular coordinate system is arranged as follows ( Fig. 1 ): the first element is located at the origin of the coordinate system, the second is on the X axis, the Y axis lies on the Earth's surface, the Z axis complements the system to the right triple of coordinates. Since the � � coordinates do not vary much, so we restrict ourselves to the two-dimensional case in which the coordinates of each WSN element X � � = (� � , � � , �, based on the distance d �� between neighboring elements i, j. by analyzing the received signal strength from neighboring WSN elements by the RSSI (Received-Signal-Strength-Indicator) method.
Fig.1. M -elemental WSN.
A hypothesis is accepted about the normal error distribution law for measuring distances between network elements N(0, � �� ), with zero mathematical expectation and variance ρ �� . The dispersion of errors in measuring distances between elements is determined by the distance measurement method (differenceranging, difference-hyperbolic method). Based on the known methods of measuring distances [3, 4] , an estimation method is proposed that makes it possible to carry out the following transformations:
Thus, the cumulative estimate of the coordinates of the elements consists of the following information: -state vector � �� � = (� � , � � �� -the correlation matrix of errors in the estimation of coordinates К �� = cov(X � � , X � ), which characterizes the accuracy of the estimation of the state vector X �� .
Based on the rangefinder method, the coordinates of the element (� � , � � ) based on the measured distances � �� , � �� and the known coordinates of the elements (� � , � � ) and (� � , � � ) are determined:
and the coordinate estimates (� � , � � ) are determined using a nonlinear method least squares (MLS),
Correlation matrix of errors in estimating the coordinates of the WSN elements К �� is determined by the variances of the measurement of distances � �� between neighboring elements
the matrix � � has the form:
The disadvantage of the algorithm under consideration is the necessity of iterations. The coordinates of the element located at the beginning of the local coordinate system must be determined with high accuracy, for example, using the GPS system. If practical implementation of such measurements is possible, then the algorithm considered allows one to obtain the most accurate estimation accuracy. The initial coordinates of the elements determined by GPS are considered reference, so they can be used to calibrate the determination of the distance between the elements of the WSN.
Description of the regularized-adaptive filering algorithm
For equal distances between adjacent elements of the WSN, the MLS can be used to refine the estimate of the coordinates of each element, and in the case of unequal distances, a recurrent algorithm of dynamic estimation (dynamic filtering based on the Kalman filter [5] ) should be applied, to the advantages of which is a relatively small amount of computing resources.
The initial conditions of the dynamic filtering algorithm are the vector of the values of the coordinates � ��� and the correlation error matrix � ��� after the n-1 measurement step.
As a measurement vector, the value of the coordinate vector X �� and its correlation error matrix Q �� are taken at the nth step of the measurements.
In this case, the extrapolated values of the coordinate vector and the correlation matrix take the form
and the matrix gain 
where � �� is the matrix gain of the dynamic filter.
evaluation of the state vector,
� �� � � � �� � � �� � �� �� � � , the correlation matrix of errors �� � , �� � -variance of the estimate, � �� -mutual correlation moment with respect to the coordinates x, y.
Using the Kalman filter, the estimation vector � �� � and the correlation matrix of the estimation error � �� � of the coordinates for each element are refined. Each time the WSN elements measure distances and the error in determining the distance to neighboring elements, their coordinates and correlation error matrix are refined.
It is known [6] that Kalman's dynamic filtering algorithm provides: firstly, knowledge of the dynamic model of the system, and secondly, it is necessary to fulfill the condition of "normality" of the law of distribution of measurement errors with zero mathematical expectation and a known correlation matrix. In practice, such conditions are difficult to implement, and in most cases impossible. Therefore, to ensure stability and improve the accuracy of the estimation, the dynamic filtering algorithm should be modified.
Note that the matrix gain � �� is calculated without taking into account the values of the measurement vector X �� using the correlation matrices of estimation errors � ���� � and measurement errors � �� . The following variants are possible with an increase in the number of steps n: 1) as n increases, the elements of the matrix gain � �� tend to zero: lim
� �� → 0, и � �� (X �� � � �� � ) → 0, then � �� � =� ���� , � �� � = � ���� , and there is no filtration; 2) because some elements of the matrix �� ���� � � Q �� � �� → 0, as n → ∞, both the elements of the matrix � ���� � and the matrix Q ���� .
And this means that when the traffic flow increases between the elements of the WSN, the accuracy of estimating the coordinates of the network elements increases, on the one hand, and, on the other hand, this process simultaneously leads to a violation of the stability of the algorithm.
Therefore, the task of ensuring the stability of the dynamic filter should be solved by simultaneously limiting the bottom and top values of the elements of the matrix gain � ���� � . Elements of the matrix Q ���� are determined by the distance measurement method. If the matrix Q ���� tends to zero with increasing n, then it is necessary to artificially restrict the values of the elements � ���� � from below. The paper proposes to combine the regular and adaptive Kalman filtering algorithms. Regularized filtering algorithms are used in the case of divergence of the estimation process, which arises in connection with the lack or insufficient volume of a priori information about the measurement vector. A consequence of this can be the general absence of the possibility of calculating the gain � �� due to the fact that �� ���� � � Q ���� � �� does not have an inverse matrix. Also, the regularized filtering algorithm allows for a steady increase in Q ���� ) -measurement noise to ensure stable operation [7] . Under such conditions, the matrix gain can be calculated as
here α � �0,��-the regularization parameter is defined
(10) It should be noted that the regularization parameter α can be determined for any topological space, starting from the law of distribution of measurement errors. For example, for a space with a quadratic norm, the gain � �� can be determined under the condition:
where � -operation of elementwise addition.
The method of limiting the gain � �� can also be referred to the regularization methods. Limitations of � �� are practically possible with the dimension of the matrix 2 × 2, 3 × 3, otherwise the method is inappropriate.
Estimates of the parameters in the case of the regularization application will be stable provided that the error in the results of the processing is consistent with the measurement error. This is eliminated in the adaptive filtering algorithm, the gain � �� in which is determined taking into account the discrepancy X �� � � �� � , and therefore a priori information on the statistical characteristics of measurement errors is not required. Then the adaptive algorithm for determining the matrix gain has the form
where �� � -diagonal matrices of eigenvalues of size m × m, and the matrices �� � Т in the general case are two unitary matrices consisting of right and left singular vectors, respectively, with � � Т � �� In the adaptive filter, the upper value of � �� is limited to the square of the residual, and the lower value in (13) tends to 0 (� �� � ��, as n increases, which leads to instability of the filtration process. To ensure stability at Λ� Δ, � �� is determined using a regularized filtering algorithm (9).
Note that (12) and (14), taking into account (9), are expressions for calculating the gain of the regularized-adaptive Kalman filter [5] .
For comparison of the considered filtering algorithms, the results of the simulation (Fig. 2 ) simulation of the dependence of the position of the i-th element on the coordinate x (in meters) on the number of measurements n are presented. The input data for the simulation model are the number of WSN elements M and the distances between them � �� �� . Next, an imitation of the "noise" of these quantities by a random process with a normal distribution law N(0, � �� �� ) is performed with zero mathematical expectation and a given variance � �� �� . Estimations of the coordinates X ���� and K ���� of the correlation matrix of estimation errors are determined by the ranging method (2), (3) .
These data are the initial conditions for filtering algorithms. Further in the WSN, after the next measurement of the distance between adjacent elements, the estimations of the coordinates X �� and the correlation error matrix Q �� are determined. These values are simultaneously a measurement vector and a measurement error matrix for regularized, adaptive, and regularized-adaptive filtering algorithms.
The results of the simulation allow us to state that the proposed regularized adaptive Kalman filter with multiple measurements of the distances between elements of the WSN allows obtaining stable estimates which, in addition, improve the accuracy of determining the coordinates of the WSN elements, including in the absence of reliable a priori information on errors in measuring distances. 
Conclusion
Thus, the problem of estimation and errors in determining the coordinates of the WSN elements with multiple measurement of the distances between network elements can be reduced to two stages: 1) on the basis of the information on the measurement of distances and the error in their determination between neighboring elements in the local coordinate system by the distance-measuring method, the coordinates and errors in determining the coordinates of the WSN elements are determined; 2) to ensure stability and improve the accuracy of the assessment, the coordinates of the elements are refined for multiple measurements of the distances between neighboring network elements by applying a regularadaptive filtering algorithm.
Mathematical modeling confirms the stability and convergence of the filtration process, while the accuracy of estimating the coordinates of the WSN network elements after four measurement cycles increases by an average of 12-16% compared to known estimation methods. 
